Improving the interlaminar fracture toughness of fibre-reinforced composites based on thermosetting polymeric matrices is of significant interest to a broad range of applications. In the present work we report a multi-scale approach to synergistically toughen composites by combining nano-and macroscale reinforcements inspired by natural composite materials. Carbon reinforcements with two different length scales are used: nano-scale carbon nanofibres (~100 nm diameter) and macro-scale carbon z-pins (~280 mm diameter) to reinforce continuous carbon-fibre composites in the throughthickness direction. The resultant composite, featuring three-dimensional reinforcement architecture, possesses triple toughening mechanisms at three different scales, thus yielding a synergistic effect. At the nano-scale, the carbon nanofibres alone promote high mode I delamination resistance (~70% increase in interlaminar fracture energy) by multiple intrinsic and extrinsic toughening processes around the crack tip. The macro-size carbon z-pins, together with the crossover continuous fibres, promote a strong extrinsic toughening mechanism (~200% increase in the interlaminar fracture energy) behind the crack tip and over a larger length-scale via both the z-pins and crossover fibres bridging the crack faces. When used concurrently, the nanofillers and z-pins promote a higher toughness under quasi-static loading (~400% increase in fracture energy) than when used separately due to a multiplicative effect from the interplay between intrinsic and extrinsic toughening processes operative ahead of, and behind, the crack tip. Under mode I interlaminar cyclic-fatigue loading, the multi-scale laminates show a strong improvement in resistance against fatigue delamination growth. Similar to the synergistic increase in fracture energy, a greater increase in the delamination fatigue resistance occurs when both are active together. However, the results indicate that the synergistic effect of the multi-scale toughening is statistically significant under quasi-static loading but not under fatigue loading. A very small reduction (~2%) in the tensile strength is observed for the multi-scale reinforced laminates.
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Introduction
Fibre-reinforced composite materials are widely used in many engineering applications due to their lightweight design with excellent in-plane properties and resistance to fatigue and environmental degradation. However, in the absence of throughthickness reinforcement, thermosetting polymer based composites have low interlaminar and intralaminar fracture toughness, making them susceptible to matrix-dominated cracking [1, 2] . Many techniques have been developed to address these drawbacks by, for example, inserting out-of-plane fibres through mechanical punching [3] , stitching [4] , 3D weaving [5] , nanofiller inclusion in the matrix [6] and at ply interfaces [7, 8] , and interleaving toughening layers at ply interfaces [9] . But all these efforts have produced only limited success. The impediment to the acceptance of 3D stitched, woven and z-pinned composites is the uncertainty concerning the degree to which through-thickness reinforcement degrades composites' in-plane properties [10, 11] .
For instance, a common defect in z-pinned composites is the crimping of in-plane fibres caused by the insertion of the pins, which weakens the in-plane static and fatigue properties of laminate [10, 11] . In the context of nano-reinforcements, Lubineau and Rahaman [12] have shown in their review of nanofiller reinforced fibre-composite laminates that the improvement in the delamination fracture resistance of these composites is typically of the order of 100% except when the nano-reinforcements are aligned in the through-thickness direction using chemical vapor deposition (CVD). Veedu et al. [13] used chemical vapor deposition (CVD) technique to incorporate 2.0 wt% of an aligned CNT forest into fibreepoxy composite laminates which led to an~280% increase in their mode I fracture energy. However, the temperature required for achieving direct CVD growth of aligned CNTs onto fibre preforms is well in excess of 750 C which damages the structural fibres. For instance, the coating of IM7 carbon fibres with CNT via direct CVD growth at 800 C resulted in their tensile strength being reduced by about 70% [14] . Thus the resulting fibre-composites may have significantly reduced in-plane properties. By comparison, natural composite materials, such as bone and nacre, have evolved elaborate hierarchical architectures to achieve structures that are both strong and tough, using weak but readily available building blocks [15] . Natural composite materials that combine the desirable properties of their sub-components often perform significantly better than the sum of their parts, representing a major synergistic improvement through the confluence of mechanisms that interact at multiple length scales [16] . This has led to the current interest in bioinspired composite design ideas [16e18]. However, very few examples of practical synthetic versions of the complex hierarchical architecture of natural composites have been reported [19] . Almost all natural materials comprise of a relatively small number of polymeric (proteins) and ceramic (for instance calcium carbonate) components or building blocks which have relatively poor intrinsic properties [17] . The superior traits of natural composites stem from naturally-occurring complex architectures utilizing different structures or structural orientations of constituents spanning nano-to macro-scales [19] . For instance, in natural composites, such as nacre or bone, the ceramic phase is often in the form of nanometre grains, nanofibres or nanoplatelets, all of which increase flaw tolerance and strength [15] . In contrast, most human-engineered composites have been developed through the formulation and synthesis of new compounds, for instance, different fibres or polymeric matrices, and with structural control primarily at the micrometre scale [5] .
The purpose of the present work is to demonstrate a novel approach for toughening fibre-reinforced composite architecture with structural reinforcements spanning multiple length scales and orientations as shown in Fig. 1 . Carbon-fibre epoxy composites are reinforced in the through-thickness direction using a combination of nano-scale carbon nanofibers (CNFs) and macro-scale carbon zpins. CNFs of 0.82 vol% with random orientation are incorporated in the epoxy matrix while z-pins of 0.5 vol% are inserted in the through-the-thickness direction of the laminate. The focus of this paper is to investigate the hybridisation effect of concurrent reinforcements by CNFs and z-pins on the mode I interlaminar fracture toughness and fatigue properties of carbon-fibre epoxy laminates. To this end, the toughening and fatigue strengthening mechanisms of multi-scale reinforcements are characterised experimentally, including the impact of CNFs in the matrix on the zpin bridging traction load under mode I static and fatigue loadings. The experimental data and fractographic observations presented in this paper provide new and important findings on the microstructure and parameters that control the fracture toughness and fatigue properties of multi-scale composites and lead to a new class of multi-scale fibre composites.
Materials and experimental methodology

Multi-scale material designs
As a prime example of a damage-tolerant natural composite material, bone combines strength with toughness via a multitude of deformation and toughening mechanisms operating at different length scales [15, 20, 21] . The fracture resistance in bone can be separated into intrinsic mechanisms that promote ductility and extrinsic mechanisms that act to 'shield' a growing crack [19] . In bone, the intrinsic toughness originates at the nanometre length scale through various processes, including stable uncoiling of the mineralized collagen components and the process of collagen fibrils (of~1.5 nm diameter and~300 nm long) sliding as shown in Fig. 1a . The fibrillar sliding mechanism promotes plasticity near the crack tip at nano-and micro-length scales [15] . This intrinsic toughening mechanism results in relatively large energy dissipation within the plastic zone and serves to blunt the crack tip, while reducing the driving force for cracking. Recent nanocomposite research has demonstrated that similar intrinsic toughening can be realised in polymeric matrices at the nano-scale via nanoreinforcements such as carbon nanofibres (CNFs) [22e24], carbon nanotubes (CNTs) [25, 26] and graphene nanoplatelets (GNPs) [27, 28] . The inclusion of nano-reinforcements in polymeric matrices may significantly enhance energy-dissipative deformation mechanisms of the polymer in the form of void growth, for example, which promotes the formation of plastic zones as shown in Fig. 1b . In addition, an even greater improvement to the polymer toughening occurs via the pull-out of nano-reinforcements from the polymer matrix which dissipates energy through frictional sliding [29] . The nano-reinforcement pull-out process also leads to the formation of a crack-bridging zone near the tip, which opposes the applied stress for cracking [30] . As shown in Fig. 1 (a,b), this frictional sliding process in human-engineered composites is analogous to the fibrillar sliding mechanism observed in bone. However, an even greater contribution to the fracture resistance of bone arises from an extrinsic toughening mechanism that occur behind the crack tip at longer length scales, in the range of 10e100 mm [20] . Specifically, once the crack begins to grow, mechanisms within the crack wake are activated in the form of crack bridging by the osteons to inhibit further cracking [31] . As the crack continues to grow, the regions between microcracks formed at the osteonal interfaces form the uncracked-ligament bridges, which act as intact regions spanning the crack wake to inhibit its progress. Any pull-out of the osteons from the bone matrix that may occur will promote toughening once crack propagation has begun. Such crack bridging toughens normal bone by decreasing the crack-tip stress intensity, and a larger applied force is required to propagate the crack further. This type of extrinsic toughening mechanism can be realised using z-pinning technique, where thin carbon-fibre z-pins (of~280 mm diameter) are inserted in the thickness direction (see Fig. 1b ) of a laminate [32, 33] . However, the advent of nanotubes and nanofibres has opened possibilities of attaining additional intrinsic toughening mechanisms at previously unattainable scales in combination with the extrinsic toughening, as is shown in Fig. 1b . The present work will focus on understanding and demonstrating the synergistic toughening of fibre composites through the use of nano-scale (i.e. CNFs), micro-scale (i.e. carbon fibres) and macro-scale (i.e. z-pins) reinforcements forming a three-dimensional architecture mimicking tough natural composites. Such multi-scale composites can be used in aerospace, automotive and marine applications where impact-induced delamination damage is a major design consideration.
Composite materials and reinforcement process
Four different types of composites were manufactured for testing. The first configuration comprised the baseline laminate, which was fabricated using 20 plies of a 200 gsm plain woven T300 carbon fabric (AC220127 supplied by Colan Ltd.) and a bisphenol-A based epoxy resin (Resin-105 and Hardener-206 supplied by Westsystem ® ). The plies were oriented such that the weft and warp tows were along the length and width of the laminate, respectively. The chosen Westsystem-105 resin is widely used for marine applications where the operating temperature of its fibre composite system is typically limited by the glass transition temperature (i.e.~70 C) of the cured epoxy resin [34] . (However, the information on the moisture absorption rate of this resin system is currently unavailable from the supplier or the published literature.) The carbon-fibre epoxy laminate was made using a wet hand-layup process. The laminate was cured at room temperature with 350 kPa overpressure in a hydraulic press for 24 h, and then post-cured at room temperature for 48 h to allow the epoxy to reach its working strength in accordance with the epoxy supplier's recommendations [34] .
The second type of composite material consisted of a CNFreinforced laminate made by incorporating commercially available CNFs (Pyrograf ® -III, grade PR-24-XT-HHT supplied by Applied Sciences Inc.), which have a diameter of about 70e200 nm and a length of 50e200 mm. The addition of CNF to the epoxy resin leads to a significant increase in its viscosity [35] . Therefore, a moderate CNF weight content (i.e. 1 wt%) was chosen to keep the resin viscosity low enough to allow the infiltration of carbon fibre preforms during the wet layup process. Nevertheless, in our previous investigations on the optimum loading of CNF in epoxy, we observed that addition of just 1 wt% CNFs can promote large improvements to the fracture energy of epoxy matrices with only a moderate increase in its viscosity [24, 28] . Firstly, 1 wt% (i.e. 0.82 vol%) of the CNFs were hand-mixed with the epoxy resin (without the hardener) and solvent-free acrylate copolymers, namely Disperbyk-191 and -192 (supplied by BYK ® ), to aid the dispersion of the CNFs. The dispersive surfactants that were added to the CNFs were equal to the weight of CNFs, resulting in a mixture of CNFs:D-191:D-192 at a weight ratio of 1:1:1. The addition of the dispersion aiding surfactants was found to have no effect on the fracture toughness of the bulk epoxy. The CNF/epoxy mixture was then passed four times through the three-roll mill at 150 rpm with progressively smaller gap size until the smallest gap setting of 20 mm had been reached.
The hardener was then added to this mixture followed by a wet hand layup to produce the carbon-fibre laminate, which was processed and cured under the same conditions as the control material described above.
The third and fourth types of composites were made by zpinning the baseline material (i.e. without any CNFs present) and the CNF-reinforced carbon-fibre epoxy laminates, respectively. They were then cured in the hydraulic press. The z-pins used were 280 mm diameter pultruded rods of unidirectional carbon fibrebismaleimide (supplied by Albany Engineered Composites Pty Ltd.). By controlling the average spacing to 3.5 mm, the volume content of the z-pins was set to be 0.5 vol%. The in-plane strength and stiffness of z-pinned laminate decrease approximately linearly with increasing volume content of the pins [3, 36] . Thus, a low 0.5 vol% of z-pins was chosen for through-thickness reinforcement of the laminate and the presence of 0.5 vol% of z-pins is reported to cause less than 2% and 4% reduction in the compressive and tensile strengths of the laminate, respectively [3] . The same layup procedure and processing conditions were applied to the z-pinned laminate and the laminate reinforced with both CNFs and z-pins. Although the length of the as-supplied z-pins within its carrier was 9 mm, the length of the z-pins within the laminate was controlled by the actual thickness of the carbon-epoxy laminate, which was 5 mm. As shown in Fig. 2 , an additional layer of balsa wood with 4 mm thickness was placed at the base of the wet layup laminate in order to accommodate the excess length of the z-pins during the zpinning process. The traditional ultrasonically-assisted pinning process used for the carbon-epoxy prepreg system was not necessary due to the soft nature of the wet layup laminate. Instead, zpinning in the through-thickness direction was achieved by simply compressing the z-pin laminate assembly within the hydraulic press with a pressure of 350 kPa. The excess z-pin length within the carrier and the base balsa wood were trimmed with a vibrating saw blade after the laminates were fully cured.
Double cantilever beam (DCB) specimens were employed for the tests described in the following sections; they consisted of 230 mm long, 20 mm wide rectangular-shaped coupons. The DCB specimens consisted of a central region made from wet layup plain woven carbon-epoxy laminate and outer regions that were used to provide additional stiffening and strengthening, as shown schematically in Fig. 3 . One end of the specimen contained loading tabs as well as a 50 mm long, and 25 mm thick polytetrafluoroethylene (PTFE) film was placed between the two middle plies to act as a pre-crack for initiation of the delamination crack. To prevent the sub-laminate arms of the DCB specimens from breaking during testing, each specimen was bonded with two 12-ply unidirectional carbonepoxy composite strips using an epoxy-paste adhesive (Araldite 420 supplied by Huntsman ® ).
Fracture toughness and cyclic-fatigue testing procedures
Both the static fracture toughness and the delamination cyclicfatigue growth properties of all four types of composite materials were measured using the DCB specimens described above. Mode I fracture toughness testing was conducted under displacement control using a screw-driven Instron testing machine with a 10 kN load cell. The interlaminar fracture toughness was measured by monotonically loading the arms of the specimen (via the bondedon end blocks) using a displacement rate of 2 mm/min, in accordance with the ASTM Standard D5528 [37] . The crack length was measured using a travelling optical microscope located at one side of the DCB specimen. A white correction fluid was applied to one side of the DCB facing the travelling microscope in order to improve the visibility of the delamination crack growth. During loading the delamination crack grew uniformly across the width of the specimen, so measurement was only needed on one edge. Four specimens were tested for each of the four materials.
Mode I interlaminar cyclic-fatigue testing was performed by applying a constant amplitude sinusoidal cyclic load at a frequency of 10 Hz. The tests were performed using a computer-controlled Instron E3000 system with a 3 kN load cell under displacement control with a constant cyclic ratio (R-ratio). The ratio between the minimum and the maximum applied displacement in one load cycle was kept constant at 0.5. Initially, the specimens were subjected to quasi-static loading and the delamination was allowed to grow by~15 mm from the initial flaw in order to achieve a naturally sharp crack. The specimens were then subjected to cyclic fatigue loading with the maximum crack opening displacement being chosen such that the initial value of the applied strain-energy release-rate was about 80% of the mode I interlaminar fracture toughness determined from the quasi-static tests. Delamination fatigue growth rates were measured at crack growth intervals of 1 mm, in accordance with the load-shedding scheme prescribed in ASTM E647 [38] . The load-shedding process was continued until the crack growth rates reached the threshold value and no further delamination growth occurred.
Static and fatigue z-pin pull-out tests
Z-pin pull-out tests were performed to assess the influence of the CNF reinforcement of the matrix on the crack-bridging traction law of the z-pins. Fig. 3b shows the schematic of the z-pin pull-out test specimens, which were manufactured from the same carbonfibre epoxy laminate and with similar curing conditions as discussed earlier. Two separate batches of specimens were manufactured with one using CNF-reinforced matrix and the other without the CNFs being present. The specimens were z-pinned at 0.5 vol% in a 4 Â 3 configuration. A thin film of polytetrafluoroethylene was placed between the two middle plies to keep the two laminates unbonded to facilitate the z-pin pull-out. The quasi-static z-pin pull-out tests were conducted by loading the specimens in the through-thickness direction at a rate of 0.5 mm/min until the laminates became separated. The separation of the samples was measured using a crack-opening displacement gauge. The z-pin bridging traction load was determined by dividing the measured load by the number of pins within the specimen.
The degradation to the z-pin friction traction load under fatigue cycling was investigated using the test procedure outlined by Zhang et al. [39] . The fatigue z-pin pull-out testing was performed under displacement control by applying a triangular waveform with a frequency of 0.05 Hz. A monotonic increasing load was first applied until the z-pins fully debond from the laminate. Then the displacement at which the z-pins fully debond from the matrix was used as the minimum cyclic displacement ðd min Þ for fatigue testing. The maximum cyclic displacement was found to follow the relationship:
where l is the z-pin length (¼5 mm). The z-pin bridging traction load was measured up to a total of 5000 fatigue cycles.
Tensile testing procedure
Tensile tests were performed to assess the influence of z-pin and CNF reinforcement on the strength and stiffness of the laminates. Dog-bone shaped tensile test coupons with a 14 mm wide gauge section were fabricated using water-lubricated precision grinding machine. Tensile test was performed on a MTS testing machine with a 100 kN load cell. The tensile test was performed using a displacement rate of 2 mm/min in accordance with the ASTM standard D3039 [38] . Four tensile specimens were tested parallel to the warp tows to determine the average tensile strength and stiffness of each laminate type.
Results and discussion
3.1. Quasi-static tests Fig. 4 shows the typical effect of the through-thickness reinforcements on the mode I crack growth resistance (R-curve) behaviour of the carbon-fibre epoxy laminates under quasi-static loading, and shows the effect of the through-thickness reinforcement size on the interlaminar fracture toughness. The R-curve for the control laminate increased slightly over the initial 10 mm of delamination extension, and this is due to the carbon fibres crossing over and bridging the crack faces [40] . As shown in Fig. 4 , the R-curve for the CNF reinforced laminate increased rapidly during the initial 15e20 mm phase of crack growth and then reached a steady-state. This toughness increase was due to the intrinsic toughening in the form of CNF debonding and subsequent matrix void growth (see Fig. 5a ,b) as well as the extrinsic toughening in the form of CNF pull-out and crack bridging, as shown in Fig. 5a ,c. These toughening mechanisms are commonly observed in nanofiller-reinforced laminates [6, 7, 41] . In comparison, the R-curve for the z-pinned laminate increased at a much faster rate and reached a higher toughness than the unpinned laminates. This was due primarily to the evolution of a z-pin bridging-zone which spanned~30 mm of the crack, as shown in Fig. 5d ,e. Most importantly, from Fig. 4 it is seen that the steady-state interlaminar fracture toughness measured for the laminate reinforced concurrently with CNFs and z-pins was much higher than when these reinforcements were used separately. This was due to the synergistic combination of toughening by CNFs at the crack tip and the extrinsic toughening in the crake wake via a long z-pin crackbridging process zone, as shown in Fig. 5f ,g. This synergistic toughening is discussed in detail below. Fig. 6 shows the effects of using CNF and z-pin reinforcements concurrently and separately on the initiation, G Ii , and steady-state interlaminar fracture toughness, G Ic , of the laminate. The initiation fracture toughness of the laminate reinforced with z-pins was slightly greater (by~30%) than the unreinforced (i.e. 'control') laminate. The z-pins promote very little resistance to crack initiation at relatively low volume fractions (~0.5 vol%) [32] . This is due to the much greater inter-pin distance (~3.5 mm, as seen in Fig. 5d,e ) in comparison to the small-scale length of the crack initiation process zone: z-pins are only effective when the delamination crack is much longer than the inter-pin distance. However, the initiation toughness of the CNF reinforced laminate was about 100% greater than the control laminate. Similarly, when CNF and zpin reinforcements are used concurrently, the initiation fracture toughness was even higher (by~150%). CNFs promote high delamination resistance by multiple toughening processes near the crack tip, including intrinsic (i.e. crack bifurcation and matrix void growth, see Fig. 5a ,b) and extrinsic (i.e. crack bridging and pull-out of the CNFs, see Fig. 5c,f) . In the process zone ahead of the crack tip, CNFs debond from the matrix due to the presence of triaxial tensile stresses. The debonded CNFs then act as voids within the matrix, enabling the matrix to deform plastically and dissipate energy while enlarging these voids. Matrix void growth around nanofillers is commonly observed to promote intrinsic toughness in nanocomposites [22, 25, 41] . However, in laminated composites, the size of the process zone cannot develop to its full extent, since it is constrained in a thin layer of matrix by plies of fibre on either side [42] . Therefore, relatively less energy is dissipated in the form of matrix void growth. Instead, the majority of the strain energy is dissipated via CNF pull-out and the formation of a crack-bridging process zone behind the tip (see Fig. 5c ,f). During CNF pull-out and the formation of the crack-bridging process zone, a large amount of energy is dissipated in the form of interfacial frictional sliding between the CNF and the matrix. Once the CNF bridging process zone is fully developed, the fracture toughness reaches the steady-state value and remains approximately constant. The CNF reinforcement increased the steady-state fracture toughness bỹ 70%, which agrees with other studies [6, 12, 43] . Even greater improvements to the steady-state fracture toughness were measured (of~200%) for the laminates reinforced with z-pins. The z-pins promote a strong extrinsic toughening mechanism behind the crack tip and over a longer length-scale via a long crack-bridging process zone (see Fig. 5d ,e). The major improvement to the fracture toughness is due to the frictional energy dissipated during the pull-out of z-pins from the laminate. This leads to the formation of the z-pin bridging process-zone in the crack wake, which provides the necessary traction force to shield the crack tip from the applied stress. Importantly, when CNFs and z-pins were used concurrently, they produced a much greater improvement to the steady-state fracture toughness (of~400%) due to toughening processes operative ahead of the tip (via the CNFs) and behind the crack tip (via the z-pins). Furthermore, the overall improvement to the fracture toughness is greater than the expected simple additive effect from the toughening due to CNFs and z-pin separately. This is indicative of a synergistic toughening effect, which is quantified as follows:
Synergy¼ G IcðCNFþzpinÞ À G IcðControlÞ G IcðzpinÞ À G IcðControlÞ þ G IcðCNFÞ À G IcðControlÞ À 1
where G Ic denotes the mode I steady-state fracture toughness, and the subscripts "control", "CNF", "zpin", and "CNF þ zpin" denote the quantities pertinent to the four types of composites. Using the average values of G Ic from Fig. 6 , the level of synergy in the steadystate fracture toughness was calculated to be about 11% using Eq.
(2). The statistical significance of this low level of synergy was determined using a two-way analysis of variance (ANOVA). The two-way ANOVA test calculates the probability of interaction while considering the standard deviation of each sample population. Each sample population had a size of 38, comprised of all G Ic values corresponding to the delamination length greater than 30 mm in Fig. 4 . The corresponding values of p and f for interaction were 0.003 and 10.36 respectively which suggests a 99% probability of synergy when the CNF and z-pins are used concurrently. A possible major reason for this synergy is that the presence of CNFs in the matrix enhances the energy dissipation during the debonding and pull-out of the z-pins. This was further examined by determining the mode I bridging traction load using the z-pin pull-out test. Fig. 7a shows the comparison between a representative bridging traction load-displacement behaviour during the pull-out of the zpins from laminates with CNF reinforced matrix and unmodified matrix. The initial portion of this curve represents the elastic deformation of the z-pin/matrix interface up to the maximum traction load necessary to fully debond the z-pin. The debonding is followed by the subsequent pull-out of the z-pin from the laminate.
The area under the traction load-displacement curve defines the total amount of energy dissipated by the elastic deformation, debonding and pull-out of z-pins. The maximum traction load necessary to fully debond the z-pin is increased by the presence of CNFs in the matrix. The maximum traction load is limited by the zpin/matrix interface or the shear strength of the matrix, whichever is the lesser. Several recent fibre pull-out studies have reported up to a 30% improvement in the interfacial strength [44, 45] between micro-scale fibres and the matrix, when the latter was reinforced with nanofillers due to the better flow of the matrix. Other studies have also reported improvements in the interlaminar shear strength in composites with CNF reinforced matrices [8, 46] . The zpin/matrix interface strength can be determined from the maximum traction load, P max using [47] :
where d and l po (~l/2) are the z-pin diameter and pull-out length, respectively. By using an average value for the maximum traction load measured from five different z-pin pull-out samples, the z-pin interface strength for the unmodified matrix was calculated to be 16.4 MPa. This value is very similar to that previously reported for z-pin interface strength measurements [47] . Similarly, the z-pin interface strength for the CNF reinforced matrix was calculated to be 22.1 MPa. A similar enhancement to the z-pin interface strength may be achieved by either using a stronger matrix or by improving the interfacial adhesion via, for example, functionalising the surface of the z-pin. However, simply increasing the interfacial adhesion may not necessarily lead to a greater toughness improvement, because the energy associated with the elastic deformation of the z-pin and its subsequent debonding is much lower than that dissipated during the pin pull-out process. The energy dissipated during the pull-out process for the z-pin is due to the interfacial frictional stress, t if , between the z-pin and the laminate. By using the average peak friction load corresponding to the z-pin pull-out stage (see Fig. 7a ) in Eq. (3), the interfacial frictional stress for the unmodified matrix was calculated to be 7.85 MPa. The interfacial frictional stress for the CNF reinforced matrix was slightly higher at 9.89 MPa. Thus, as generally reported [47] , the interfacial frictional stress is indeed lower than the z-pin interface strength. The energy dissipated during the z-pin pull-out process can be determined from the interfacial frictional stress using [48] :
where V f is the z-pin volume fraction. Fig. 7b shows the effect of CNF reinforcement on the energy dissipated during the z-pin pullout process determined from Eq. (4) and its comparison to the experimentally measured energy from the area under the curve in Fig. 7a . Using Eq. (4) the z-pin pull-out energy for various pull-out lengths can be calculated, as shown in Fig. 7b . It can be seen that the model predictions correlate well with the experimental results pertinent to a pin density of 0.5 vol%. Furthermore, the calculated pull-out energy is in agreement with the improvement of the steady-state value of G Ic due to the presence of the z-pins, compared to the control laminate, i.e. about 2 kJ/m 2 as shown in Fig. 6 . Moreover, the energy dissipation during the z-pin pull-out from the CNF reinforced matrix was found to be~25% greater than the unmodified matrix. This suggests interactions occur between the CNFs and z-pins which lead to significant toughness enhancements. Therefore, the presence of CNFs in the matrix increases the maximum stress of the z-pin debonding process and also increases the frictional energy dissipated during the subsequent pull-out of the z-pin, which is due to the pull-out of additional CNFs at the z-pin/matrix interface, as shown in Fig. 8 . This enhancement to the energy dissipation during the pull-out of the zpins in the presence of the CNFs in the matrix leads to the synergistic improvement in the fracture toughness of the laminate that is observed. Fig. 9 presents the fatigue delamination growth, da/dN, per load cycle against the cyclic strain-energy release-rate range (SERR) for the unreinforced laminate and laminates reinforced with CNFs and/ or z-pins. The measured da/dN versus DG eq curves exhibit the typical Paris relationship, where the term DG eq is defined by
Cyclic-fatigue tests
Refs. [40, 49, 50] :
The above relationship can be extended by using the Forman equation [43] to account for the effects of the threshold and fracture toughness on the crack growth rate, as given by the following relationship [49] :
where DG eq,th is the threshold value of DG eq and R is the crack opening displacement ratio during fatigue loading. With the values of DG eq,th and the fracture energy listed in Table 1 , the parameters C and m in Eq. (6) can be obtained by curve-fitting the measured fatigue crack growth rates using Eq. (6) . (The value of DG eq,th , below which no cyclic-fatigue crack will occur from the pre-existing delamination, was taken at a crack growth rate of 10 À9 m/cycle.) Similar to the results for the quasi-static interlaminar tests, the resistance to fatigue loading was much greater for the laminate reinforced with CNFs and z-pins concurrently. Indeed, the value of DG eq,th increased by~40% for the CNF reinforced and~300% for the z-pin reinforced laminates. However, when the laminate was reinforced together with both CNFs and z-pins concurrently, the value of DG eq,th was much greater and increased by~400% compared to the control laminate. Similarly there was a much greater reduction in the gradient of the crack growth rate, as defined by the Paris exponent m (see Eq. (6) and values given in Table 1 ) for the laminate reinforced with CNFs and z-pins concurrently. The value of the exponent, m, defines the sensitivity of the crack growth rate of a material to variations in the applied range of cyclic SERR. A lower value of m, in part, indicates a greater resistance to fatigue crack growth. In contrast, the value of m measured for the laminates reinforced with CNFs and z-pins separately, was only slightly lower than the control laminate. Similar to the quasistatic interlaminar tests, the toughening due to CNF pull-out and crack bridging near the tip caused the improvement to the cyclic fatigue delamination resistance in the CNF reinforced laminate. For the z-pinned laminate, the fatigue-induced delamination growth caused the formation of a large-scale z-pin bridging zone along the crack wake. This z-pin bridging zone generated traction loads that slowed the fatigue crack growth rate under cyclic loading. However, for the laminate reinforced with CNFs, the improvement in the value of DG eq,th was somewhat lower than the improvement seen in the fracture energy during quasi-static loading of this laminate. This was due to the degradation of the CNF bridging zone near the crack tip caused by the fatigue-induced damage of the CNFs. For example, Fig. 10 shows the fatigue-induced damage of the CNFs on the fracture surface of the CNF reinforced laminate tested under fatigue loading. The outer primary load-bearing CNF wall appears to have been damaged by the fatigue loading, which resulted from the smaller diameter inner-core carrying only a portion of the applied load due its lower stiffness. Next, the question arises of whether, when CNF and z-pin reinforcements are used concurrently, is the improvement to DG eq much greater than expected simply from an additive effect from the toughening due to the CNFs and z-pin acting independently? Since, the former would represent a major synergistic toughening mechanism. Here the apparent synergy in fatigue resistance can be calculated by replacing G Ic in Eq. (2) with DG eq :
This possible fatigue synergy refers to the SERR range, DG eq , necessary to cause a given fatigue crack growth rate of da/dN. The results are presented in Fig. 11 . When the CNF and z-pin reinforcements are used concurrently, the level of improvement to the DG eq near the threshold range (~13%) is very similar to the synergistic improvement observed in the quasi-static fracture toughness of this laminate, which was 11%. The apparent synergistic improvement was, however, much greater (~35%) at higher growth rates and, hence, at higher values of DG eq , i.e. when the crack growth rate exceeded~10 À6 m/cycle (see Fig. 11 ). However, this apparent synergy in the fatigue resistance has been found to be statistically insignificant by using a two-way analysis of variance (ANOVA). The large scatter of about one order of magnitude observed in the crack growth rates leads to a high p-value of 0.679, which implies that the interaction is statistically improbable. Studies have shown that fatigue damage of the z-pin/laminate interface can result in early onset of interfacial debonding of z-pins which eventually leads to their failure by pull-out [32, 39] . To further investigate the influence of CNFs on the z-pin/laminate interface properties, additional cyclic-loading pin pull-out tests were conducted. Fig. 12 shows the influence of CNFs on the friction traction load generated during the cyclic pull-out of z-pins, and a comparison to quasi-static test results. As seen in Fig. 12a , there is a progressive reduction in the friction traction load generated by zpins with increasing number of displacement cycles. This reduction is due to the wearing of the z-pin/laminate interface caused by the cyclic pull-out of the pins [28] . Fig. 13 shows images taken inside the holes created from z-pin pull-out in the specimens tested under quasi-static or fatigue loading. The hole-wall surface was relatively smooth when the pins were pulled-out under quasi-static loading. Under cyclic loading there was significant wearing of the hole surface, since during cyclic loading the z-pins slid back and forth against the laminate with each load cycle. This resulted in a fretting-type wear process which caused widening of the hole around the debonded z-pin. This then led to the progressive 
reduction in the friction traction stress generated by the z-pins with increasing number of load cycles as shown in Fig. 12a . A comparison of the peak z-pin friction traction load for the unreinforced and CNF reinforced matrix is presented in Fig. 12b . This figure shows that similar to quasi-static loading, a higher z-pin bridging traction is generated due to CNF reinforcement of the zpin/laminate interface under cyclic loading. As seen in Fig. 13c , the fretting-type wear process is less severe for the z-pin/laminate interface reinforced by CNFs. This is because the CNF nanoreinforcement acts to improve the shear strength of the composite matrix [8, 46] . For example, Fig. 13d shows that the CNFs bridge the micro-cracks that form during the shear deformation of the zpin/matrix interface due to a cyclic pull-out process and reduce the fretting-type wear action. In z-pinned DCB laminates, the severity of the fretting-wear was observed to increase with DG eq . Since at higher DG eq values, the sliding distance in each cycle increases, this can lead to a greater amount of fretting-type wear of the z-pin/ laminate interface. However, at such high DG eq values, the CNF reinforcement to the z-pin/laminate interface demonstrated a greater influence on the fatigue performance of the z-pins. This explains the greater level of improvement observed at higher DG eq values for the laminate reinforced with both CNFs and z-pins. The rupturing or 'un-coring' type of cyclic damage to the CNFs which caused the degradation of the crack-bridging zone of the CNFs was rarely observed on the fracture surface of the laminate reinforced with CNFs and z-pins concurrently. This suggests that, under fatigue loading, the z-pin bridging zone and the resultant traction load shields the CNF bridging zone at the crack tip, leading to the significantly greater improvement in the value of DG eq,th that was observed when CNFs and z-pins were used concurrently, see Table 1 .
In addition, tensile tests were performed to assess the influence of through-thickness reinforcement on the in-plane properties of the laminates. The tensile strength (s 11 ) and Young's modulus (E 11 ) of the laminates are listed in Table 1 . The stiffness of the throughthickness reinforced laminates is very similar to the control laminate. However, the tensile strength of the z-pinned laminates decreased by 2e4%. Previous studies have also reported that a greater reduction occurs in the tensile strength of z-pinned laminates in comparison to the reduction in their stiffness [36] . The magnitude of the reduction in the strength of laminates reinforced with 0.5 vol% z-pins is similar to that reported in other studies [3] . The reduction in strength is attributed to the crimping of in-plane fibres caused by the inserted z-pins, which increases the stress concentration around these regions of the laminate [3, 11] . As a result, all z-pinned tensile specimens were observed to fail along the z-pin region. The CNF reinforcements caused a marginal improvement in the strength of the laminates. But this Fig. 10 . CNF un-coring type damage as observed on the fracture surface of the CNF reinforced laminate tested under fatigue loading (Note: Please refer to Fig. 3 for the DCB z-axis loading direction.). improvement was not sufficient to offset the degradation in strength due to the z-pins.
Conclusions
The effects of multi-scale toughening of carbon-epoxy laminates using carbon nanofibres and z-pins spanning multiple length scales have been investigated. The results show that CNFs are effective at improving the interlaminar fracture toughness under quasi-static loading by intrinsic (i.e. crack bifurcation or branching and epoxy void growth) and extrinsic (i.e. crack bridging and pull-out of the CNFs) mechanisms. By comparison, z-pins generate significant extrinsic toughening primarily behind the crack tip and over a larger length-scale via crack bridging. When used concurrently, the interaction between the CNFs and z-pins has been shown to yield a greater toughness than when the two reinforcements are used separately. In particular, the presence of CNFs in the matrix enhanced the energy dissipation during the pull-out of the z-pins; indeed, this represented a major synergy suggesting a multiplicative toughening effect. The presence of a synergistic effect was indeed confirmed for the quasi-static toughness results via a statistical analysis. However, the tensile strength of the z-pinned laminates was slightly lower than that of the control laminates. The addition of the CNF reinforcement to the z-pinned laminates was insufficient to recover this loss of strength.
The multi-scale reinforcement to the laminate via CNFs and zpins also leads to a strong improvement in the resistance to cyclicfatigue delamination growth over the entire range of crack growth rates from the threshold regime to instability. The improvement in the fatigue delamination resistance has been found to increase with delamination growth, due to the greater effects of the CNF reinforcement on the z-pin/laminate interface under fatigue loading at Fig. 12. (a) Effect of cyclic loading on the z-pin friction traction load-displacement curve with increasing number of load cycles as measured for the z-pin pull-out specimen reinforced with 0.5 vol% of z-pins. N is the number of load cycles. (b) The peak z-pin friction traction load measured with increasing number of load cycles for the pin pull-out specimen reinforced with z-pins only and the specimen reinforced with CNFs and z-pins concurrently.
relatively high cyclic loads. Although there was an initial suggestion of synergistic improvement to the fatigue resistance when the laminate was reinforced by both CNFs and z-pins, it was statistically insignificant and therefore the overall improvement was largely additive from these two reinforcements.
A new class of multi-scale fibre composites has been described which offers a unique opportunity to markedly enhance the fracture toughness and fatigue resistance of polymer matrix fibre composites, and hence significantly increase the damage tolerance of such composites over multiple length-scales of delamination cracking from sub-micron to sub-meter scales, which has previously not been possible. It is feasible that other types of carbon nanoreinforcements (e.g. CNTs, grapheme) and z-pins (e.g. metals) promote similar or even greater interlaminar strengthening, and this is currently under investigation.
